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The Maize megagametophyte
Abstract
The life cycle of plants alternates between a diploid and a haploid generation. In flowering plants the
haploid gametophytes are sexually dimorphic and produce the gametes, which fuse to produce the
diploid sporophyte of the next generation. The megagametophyte of maize follows the Polygonum-type
pattern of development:one of the four meiotic products, the functional megaspore, undergoes three free
nuclear divisions to produce a polarized, eight-nucleate syncytium. Cellularization produces seven cells
that differentiate into four cell types:two syn-ergids, three antipodals, and the two female gametes, the
egg cell and the central cell. The position of the nuclei in the syncytial phase and the position and
differentiation of cell types after cellularization follow stereotypical patterns, suggesting a tight genetic
regulation of the cellular processes involved. Recent genetic evidence demonstrates that many of these
cellular processes are regulated by the activity of the haploid genome of the megagametophyte itself,
rather than the parental diploid genome from which it originates. The functions performed by the
megagameto-phyte includes both basic cellular functions and functions that unique to the
meg-agametophyte, such as pollen tube guidance and reception, as well as processes associated with
double fertilization and the maternal control over seed development. In this chapter we describe the
development and functions of the megagame-tophyte, and what is known the regulation of the
underlying processes.
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4.1 Megasporogenesis  
 
The life cycle of plants alternates between a diploid sporophytic and a hap-
loid gametophytic generation. The sexually dimorphic, multicellular game-
tophytes produce the gametes and are, thus, at the center of plant reproduc-
tive biology. Male and female gametophytes develop in the sexual organs 
of the flower, the anthers and ovules, respectively. The development and 
function of the male gametophyte (microgametophyte, pollen) is described 
in Chapter XX (Bedinger & Fowler). It delivers the two sperm cells to the 
female gametophyte where they participate in double fertilization. The fe-
male gametophyte (megagametophyte, embryo sac) also produces two 
gametes, the egg and central cell, which after fertilization give rise to the 
embryo and endosperm, respectively. Together with maternal tissues of the 
sporophyte, the pericarp, the two fertilization products develop into the 
mature seed (Chapter XX/Scanlon). Although the formation of spores, 
which subsequently develop into the gametophytes, is under the control of 
the sporophyte, it is included in this chapter because it immediately pre-
cedes the formation of the megagametophyte and is central to the under-
standing of gametophyte development.  
 
Within the nucellus of the maize ovule one hypodermal cell, the archespo-
rium, undergoes meiosis to produce one functional megaspore per ovule. 
The functional megaspore develops into the embryo sac, located at the 
midline of the ovule towards the tip of the ear. The ovule is polarized 
along the micropylar-chalazal (m-c) axis, a polarity that is shared by the 
megagametophyte, individual cells of the megagametophyte, and the em-
bryo. The archesporial cell is easily distinguished from its neighbors be-
cause of its larger size and more prominent nucleus. The archesporial cell 
directly differentiates into the megasporocyte, or megaspore mother cell 
(MMC), and elongates perpendicular to the ovule surface along the m-c 
axis before meiosis (Figure 1a). In the maize multiple archesporial cells1 
(mac1) mutant several adjacent cells develop as archesporial cells, sug-
gesting that archesporial cell fate is actively suppressed in cells adjacent to 
the archesporium (Sheridan et al. 1996). Polar distribution of cytoplasmic 
components along the long m-c axis of the megasporocyte is present in the 
MMC before meiosis. While the rough ER is concentrated at the micropy-
lar pole, the mitochondria and plastids are more prevalent at the chalazal 
pole (Russell 1979). The MMC is also reported to lack plasmodesmata 
connections with the nucellus (Diboll and Larson 1966) or only retain a 
few plasmodesmata at its chalazal end (Russell 1979). The walls of the 
MMC are higher in callose than the surrounding nucellar cell walls.  
 
The MMC divides asymmetrically along the m-c axis in meiosis I, produc-
ing a small micropylar dyad cell and a larger chalazal dyad cell (Figure 
1b). The micropylar dyad remains high in callose compared to the chalazal 
dyad. Meiosis II is more variable than meiosis I. The micropylar dyad may 
degenerate without finishing meiosis. When the micropylar dyad does di-
vide, it typically divides periclinally but occasionally does so anticlinally 
or obliquely, producing a tetrad ranging from linear to T shaped. The cha-
lazal dyad completes meiosis II with an asymmetric, periclinal division to 
produce two megaspores (Figure 1c). The only functional megaspore (FM) 
is the largest, chalazal-most megaspore, which is lower in callose than the 
non-functional megaspores, particularly at its chalazal pole (Russell 1979). 
The micropylar megaspores (and/or dyad) quickly degenerate and collapse 
(Figure 1d). 
 
Meiosis leads to the production of the functional megaspore and the subse-
quent development of the megagametophyte is under the control of the 
haploid genome. Meiosis is a very complex process described in detail in 
Chapter XX (Cande) and its disruption usually results in sterility. This may 
be because certain developmental checkpoints ensure proper progression 
through reproductive development. In the elongate1 (el1) mutant, how-
ever, a dyad cell initiates gametogenesis and produces a functional, diploid 
megagametophyte (Roades and Dempsey 1966; Barrell and Grossniklaus 
2005). This finding illustrates that megagametophyte development does 
not depend on the ploidy level or reduction but rather is controlled by a 
specific set of genes characteristic for the megagametophyte.  
 
 
 
Fig. 4.1 Maize megasporogenesis. The micropyle is up, the chalaza is down. (A) 
megaspore mother cell in metaphase of the first meiotic division; (B) the two dyad 
cells in metaphase of the second meiotic division; (C) tetrad of megaspores; (D) 
the three micropylar megaspores degenerate (arrows), while the chalazal-most 
functional megaspore initiates megagametogenesis, characterized by the formation 
of a vacuole (star).   
 
4.2 Megagametophyte Development and Function 
Megagametogenesis is initiated after the second meiotic division is com-
plete. Only the chalazal-most megaspore survives and the FM initiates a 
series of mitotic divisions to form the mature megagametophyte. The fact 
that most deficiencies arrest at the FG1 stage (Figure 2) immediately after 
meiosis, indicates that a large number of genes is required for megagame-
togenesis and that this process is largely under the control of the haploid, 
gametophytic genome (Patterson 1978; Coe et al. 1988; Buckner and 
Reeves 1994).   
4.2.1 Megagametophyte Growth and Development 
 
After meiosis, a central vacuole forms in the FM, and the megagameto-
phyte enlarges throughout megagametogenesis primarily through enlarge-
ment of this vacuole. The surrounding nucellar cells degenerate and col-
lapse, leaving a halo of appressed nucellar cell walls around the embryo 
sac (Russell 1979). This vacuole forms chalazal to the single nucleus (Bar-
rell and Grossniklaus 2005; Russell 1979; Vollbrecht and Hake 1995). The 
FM then undergoes three rounds of synchronous, free nuclear divisions to 
produce an eight-nucleate coenocyte. The last round of division is rapidly 
followed by cytokinesis to produce an eight-nucleate, seven-celled mega-
gametophyte. As in the MMC, the nuclei of the free nuclear stages are 
larger and possess more distinct nucleoli than surrounding nucellar cell 
nuclei. 
 
 
Fig. 4.2 Maize megagametophyte development. The micropyle is down; the 
chalaza is up; and the tip of the ear is left. dm=degenerated megaspores; 
a=antipodal cells; cc=central cell; pn=polar nuclei; e=egg cell; s=synergid; 
end=endosperm; emb=embryo; va=vacuole. FG1-FG7=female gametophyte stage 
1 to 7 (stages adapted from Christensen et al. 1997). 
 
The first nuclear division is parallel to the m-c axis. The two nuclei are 
separated by the central vacuole producing a two-nucleate embryo sac with 
micropylar and chalazal domains. A second vacuole often forms chalazal 
to the chalazal nucleus at this stage (Barrell and Grossniklaus 2005; 
Vollbrecht and Hake 1995). Polarity of the developing megagametophyte 
along the m-c axis can be seen by the asymmetric distribution of plastids 
concentrated around the micropylar nucleus (Huang and Sheridan 1994; 
Vollbrecht and Hake 1995). In the second division, the chalazal nucleus 
divides along the m-c axis, but the micropylar division is perpendicular to 
this axis producing a T arrangement of nuclei (Barrell and Grossniklaus 
2005; Huang and Sheridan 1994; Lin 1981; Vollbrecht and Hake 1995). In 
the third division both poles reiterate the pattern of the second division. At 
each pole, one division is parallel to the m-c axis (each producing one in-
ternal and one peripheral nucleus) and the other is perpendicular, produc-
ing a T arrangement of nuclei at each pole (Huang and Sheridan 1994). 
The two central nuclei from the m-c axis divisions are the two polar nuclei 
of the future central cell and the peripheral sister of the micropylar polar 
nucleus becomes the egg nucleus. During the free nuclear phase microtu-
bules are perinuclear with connections between the sister nuclei at the 
poles (Huang and Sheridan 1994). This microtubule arrangement may help 
maintain nucleo-cytoplasmic domains within the syncytial megagameto-
phyte. Phragmoplasts form between the nuclei at each pole immediately 
after the third division, even between non-sisters, followed by cytokinesis 
to form seven cells (Huang and Sheridan 1994).  
 
4.2.2 Megagametophyte Maturation and Cell Differentiation 
 
The seven cells formed are, from the micropyle to the chalaza, the two 
synergids, the egg cell, the binucleate central cell, and the three antipodals. 
The egg cell and synergids together make up the egg apparatus at the mi-
cropylar pole. Each embryo sac contains two gametes: the egg cell, which 
is fertilized to produce the embryo, and the central cell, which is fertilized 
to produce the triploid endosperm. After cellularization the embryo sac 
cells mature to their fully differentiated state in preparation for fertiliza-
tion. While plasmodesmata connect megagametophyte cells to one an-
other, there are reportedly no plasmodesmata connecting megagameto-
phyte cells to nucellar cells (Diboll and Larson 1966). The lack of 
cytoplasmic connections between the megagametophyte and the surround-
ing nucellar cells has been interpreted to be important for establishing a 
peculiar environment for gametophyte development and to be related to 
the gametophyte belonging to a distinct generation from the surrounding 
sporophyte (Diboll and Larson 1966). 
 
The factors controlling pattern formation of the embryo sac and the estab-
lishment of polarity across the whole embryo sac and within the individual 
embryo sac cells is largely unknown. Additionally, our understanding of 
how the individual embryo sac cell identities are determined is also in its 
early stages. A few genes have been identified that shed light on these 
processes. The maize indeterminate gametophyte1 gene encodes a tran-
scription factor that is known to control the polarity of leaf primordia in 
maize and Arabidopsis, suggesting it may play a similar role in the maize 
embryo sac (Evans 2007). In Arabidopsis the LACHESIS gene restricts 
gametic cell fate to the egg and central cells (Gross-Hardt et al. 2007), and 
synergid cell differentiation depends on the MYB98 gene (Kasahara et al. 
2005). 
 
Antipodal Cells 
At the chalazal pole of the embryo sac lie the antipodal cells, which are be-
lieved to function as transfer cells for the embryo sac. The antipodal cells 
are densely cytoplasmic compared to the neighboring nucellus and central 
cell. The antipodal cells can be multi- or uni-nucleate and the cell walls 
separating them are sometimes incomplete (Diboll and Larson 1966). The 
antipodal cells continue to divide during embryo sac maturation reaching a 
final number of 20 to 100 cells with one to four nuclei each. The antipodal 
cells can even persist and continue dividing after fertilization during kernel 
development (Randolph 1936). The size of the antipodal cell vacuoles is 
also variable (Diboll 1968). The nuclei of the antipodal cells are smaller 
with less prominent nucleoli than the polar nuclei and more closely resem-
ble the nuclei of the surrounding nucellus. The microtubules of the antipo-
dal cells are randomly oriented (Huang and Sheridan 1994). The cell walls 
of the antipodal cells adjacent to the nucellus are papillate, supporting a 
role for the antipodals as transfer cells for the embryo sac. However, the 
function of the antipodal cells has not been experimentally determined and 
in fact in other plants, like Arabidopsis, they degenerate without prolifera-
tion prior to fertilization during embryo sac maturation (Murgia et al. 
1993). This could mean that antipodal cell function is taken over by other 
cells of the embryo sac or that they complete their role before degenerat-
ing, or a combination of both.  
 
Central Cell 
In the center of the embryo sac lies the large homo-diploid central cell. Af-
ter cellularization the two polar nuclei typically migrate to the center of the 
embryo sac along the wall away from the ovule surface (the future abger-
minal side of the endosperm), partially fuse, and then migrate to the mi-
cropylar end of the central cell adjacent to the egg apparatus near the mid-
line of the central cell. The central cell is traversed by cytoplasmic strands, 
one of which typically connects the two polar nuclei to the chalazal end of 
the central cell along its midline. The two polar nuclei typically remain un-
fused until fertilization, although fusion of the two to form a secondary en-
dosperm nucleus has been reported in some maize lines (Gutierrez-Marcos 
et al. 2006; Huang and Sheridan 1996; Mol et al. 1994). The polar nuclei 
are exceptionally large with larger nucleoli than other cells in the ovule. 
Plastids brightly stained with Schiff reagent are distributed throughout the 
central cell cytoplasm. Microtubules of the central cells are primarily cor-
tical and transverse in orientation possibly in connection with central cell 
expansion (Huang and Sheridan 1994). The walls of the central cell next to 
the antipodals are papillate like those of the antipodal cells adjacent to the 
nucellus, suggesting a metabolite flow from the nucellus to the antipodals 
to the central cell (Diboll and Larson 1966). The boundary between the 
central cell, egg, and synergids is typically membranous, likely to ease fer-
tilization by one of the two sperm cells delivered by the pollen tube, initi-
ating endosperm development. Mutant analysis in Arabidopsis shows that 
endosperm development is actively repressed in the central cell until being 
initiated by fertilization (Chaudhury et al. 1997; Grossniklaus et al. 1998; 
Köhler et al. 2003; Ohad et al. 1996). Pattern information along the future 
apical-basal axis of the endosperm also appears to be stored in the central 
cell prior to fertilization (Gutierrez-Marcos et al. 2006). 
 
Egg Cell 
At cellularization the egg cell is densely cytoplasmic, and the egg nucleus 
is in a mid-lateral position. The egg cell is polarized with the bulk of the 
cytoplasm and the nucleus displaced from the micropylar pole by a vacu-
ole(s) (Diboll and Larson 1966). As the egg cell matures, many vacuoles 
form in the periphery of the cell, first at the micropylar end followed by 
formation of a large chalazal vacuole, and these changes in the egg cell are 
accelerated by pollination (Mol et al. 2000). The egg cell nucleus is typi-
cally larger with a more distinct nucleolus than all of the other ovule nuclei 
except those of the central cell. The egg cell cytoplasm also has a distinct 
organization with perinuclear, starch-containing plastids and a distinct cy-
toskeletal arrangement of a few randomly oriented cortical microtubules 
and an absence of interior microtubules (Hoshina et al. 2004). The egg cell 
wall is thickest at the micropylar end and membranous adjacent to the cen-
tral cell and synergids (Diboll and Larson 1966). In Arabidopsis, an en-
hancer detector line (Sundaresan et al. 1995) with expression of the GUS 
reporter gene in the egg cell has proven useful for isolating the LACHESIS 
gene required to restrict egg cell fate (Gross-Hardt et al. 2007). Along with 
the synergids, the maize egg cell expresses the Zea mays Egg Apparatus1 
(ZmEA1) gene suggesting that, in maize, the egg could contribute to pollen 
tube attraction (see below) (Marton et al. 2005). Egg apparatus specific 
enhancers also exist in Arabidopsis indicating that the existence of a tran-
scriptional domain encompassing the egg and synergids is conserved in 
monocots and dicots (Yang et al. 2005). In Arabidopsis, at least, fertiliza-
tion of the egg cell not only initiates embryo development but also is suffi-
cient to initiate endosperm development in the central cell (Nowack et al. 
2006). 
 
Synergids 
The synergid cells occupy the most micropylar position in the embryo sac. 
The function of the synergids in pollen tube guidance and reception has 
been demonstrated by a combination of mutant and laser ablation studies 
(Higashiyama et al. 2001; Huck et al. 2003; Kasahara et al. 2005; Marton 
et al. 2005; Rotman et al. 2003). In particular, the filiform apparatus at the 
micropylar end of the synergids is critical for pollen tube attraction (Kasa-
hara et al. 2005). The filiform apparatus is a specialized polysaccharide-
rich structure at the micropylar end of the synergids. The synergid cell wall 
is thin at the chalazal end and thickest at the micropylar end, and the 
plasma membrane is highly invaginated adjacent to the filiform apparatus. 
The maize synergids are polarized with the bulk of the cytoplasm at the 
micropylar pole of the cell and a large vacuole at the chalazal end. The cy-
toplasm itself is also polarized with small vesicles, plastids, and mitochon-
dria concentrated at the micropylar end near the filiform apparatus (Diboll, 
1968) and with microtubules longitudinally oriented and also concentrated 
near the filiform apparatus (Huang and Sheridan 1994). The organization 
of the synergid cytoplasm has been attributed to the need to export materi-
als to form the filiform apparatus at the micropylar pole. The synergid cell 
nuclei are less distinct and more difficult to visualize than other embryo 
sac nuclei. Lectin binding oligosaccharides are more concentrated on the 
plasma membrane of the synergids than other embryo sac cells and are es-
pecially concentrated in the filiform apparatus (Sun et al. 2002). In many 
maize lines one or both of the synergids degenerate during embryo sac 
maturation (Lin 1978); in other cases however, the synergids persist until 
pollination with one of them degenerating as the pollen tube arrives and 
receiving the pollen tube (Diboll 1968; Guo et al. 2004; Mol et al. 1994).  
 
 
Fig. 4.3 Nearly mature cellularized embryo sac. The micropyle is down; the 
chalaza is up; and the tip of the ear is to the left. a=antipodals; cc=central cell; 
e=egg; s=synergid; n=nucellus 
4.3 Double Fertilization   
Double fertilization, first described more than 100 years ago, is the distin-
guishing feature of flowering plants (Nawashin 1898; Guignard 1899). 
One sperm fuses with the egg cell and the second with the central cell to 
form the zygote and the primary endosperm, respectively. To achieve dou-
ble fertilization the two sperm cells have to be delivered to the mature me-
gagametophyte, deeply embedded in the female reproductive tissues. The 
early steps of this process, pollination and pollen tube growth during the 
progamic phase, are described in Chapter XX (Bedinger and Fowler). Here 
we focus on the last steps in which the megagametophyte plays an active 
role. 
4.3.1 Pollen Tube Guidance and Reception 
The synergids play a crucial role in double fertilization as they are in-
volved in attracting the pollen tube to the megagametophyte as well as in 
its reception. After the pollen tube penetrates the receptive synergid, the 
pollen tube ceases to grow and bursts to release the two sperm cells; proc-
esses that are collectively referred to as pollen tube reception. Insights into 
the signaling processes that guide the pollen tube to the megagametophyte 
have mainly come from studies in Arabidopsis and Torenia fourneri, 
which has an egg apparatus that is not covered by integuments (Higashi-
yama et al. 1997). Arabidospis mutants with ovules lacking a mature me-
gagametophyte do not attract pollen tubes, suggesting that the megagame-
tophyte is the source of the attractive signal (Hülskamp et al. 1995; Ray et 
al. 1997; Shimizu and Okada, 2000). Detailed observations of the growth 
behavior of the pollen tube suggest the existence of a long-range signal, 
guiding the pollen tube along the funiculus into the neighborhood of the 
micropyle, and a short-range signal that guides it into the micropyle itself 
(Shimizu and Okada, 2000). In T. fourneri, pollen tube guidance can be 
studied in an in vitro system and laser ablations studies have shown that 
the synergid cell is essential for the production of the pollen tube attractant 
(Higashiyama et al. 1998; 2001). Recent studies in Arabidopsis, however, 
also suggest an involvement of the central cell in this process, as central 
cell guidance (ccg) mutants, disrupting a gene expressed exclusively in the 
central cell, are defective in this process (Chen et al. 2007). CCG encodes 
a nuclearly localized protein with features of a transcription factor. Its ex-
act mode of action is not known, but it is likely that pollen tube guidance 
involves communication processes between the central cell and the syner-
gids.  
 
Not much is known about the molecular nature of the signals involved in 
pollen tube guidance. To date, only one gene encoding such an activity has 
been identified, the ZmEA1 gene expressed in the cells of the egg appara-
tus (Marton et al. 2005). ZmEA1 encodes a member of a conserved family 
of small, secreted proteins that is localized to the filiform apparatus and 
secreted into the micropylar nucellar cell walls (Marton et al. 2005; Gray-
Mitsumune and Matton 2006 ). Down-regulation of ZmEA1 in transgenic 
maize plants results in female sterility due to a loss of short-range pollen 
tube guidance into the micropyle, demonstrating that ZmEA1 is required 
for pollen tube attraction (Marton et al. 2005). In Arabidopsis it has been 
proposed that gradients of the small organic molecule γ-aminobutyric acid 
may serve as an attracting signal (Palanivelu et al. 2003), but the fact that 
the guidance signals are species-specific suggests that they are of a more 
complex biochemical nature (Palanivelu and Preuss 2006; Higashiyama et 
al. 2006).  
 
Once the pollen tube penetrates the receptive synergid, tube growth is ar-
rested and the tube bursts in an explosive process to release the two sperm 
cells (Higashiyama et al. 2000; Rotman et al. 2003). Until recently, pollen 
tube rupture was thought to be a mechanical process possibly mediated by 
a lytic intracellular milieu in the degenerating synergid cell. The discovery 
of two mutants in Arabidopsis, feronia (fer) and sirene (sir), however, has 
shown that pollen tube reception is an active process under the control of 
the female gametophyte (Huck et al. 2003; Rotman et al. 2003). In these 
mutants the pollen tube is guided normally and enters the micropyle, but 
instead of discharging the sperm cells, it fails to arrest and continues to 
grow inside the megagametophyte. The two mutants were recently shown 
to be allelic and FER encodes a receptor-like kinase consistent with its role 
in a signaling process involving the pollen tube and the synergid (Escobar-
Restrepo et al. 2007). The FER protein is weakly expressed in sporophytic 
cells and at a high level in the synergids, where it localizes to the filiform 
apparatus through which the pollen tube enters the receptive synergid. It 
has been proposed that pollen tube reception relies on an interaction be-
tween a putative pollen-produced ligand and the FER receptor-like kinase. 
This specific interaction may play a role in maintaining crossing barriers 
between related species, a hypothesis that is consistent with the finding 
that some interspecific crosses phenocopy the fer phenotype (Escobar-
Restrepo et al. 2007). 
 
The sperm cells of flowering plants are immotile, such that once they have 
been discharged into the receptive synergid, they need to be transported to 
the female gametes. The molecular basis of this transport is not clear but 
may involve an actomyosin-based process (Russell, 1996). Immuno-
cytological and ultra-structural analyses have shown that two actin coronas 
form in the megagametophyte, outlining the future trajectory of the male 
gametes. In tobacco and maize, these coronas are formed prior to the arri-
val of the sperm cells (Huang et al. 1993; Huang and Russell 1994; Huang 
and Sheridan 1994). One of these actin tracks forms at the chalazal pole of 
the receptive synergid connecting the middle lateral region with the area 
near the egg nucleus, the second forms between the egg cell and the central 
cell. In barley, unfused sperm cells were found to be associated with elec-
tron-dense bundles that may reflect these actin tracks (Mogensen, 1982). 
The timing of their appearance and their arrangement suggests that actin 
coronas may interact with the sperm cells to transport them to site of syn-
gamy (gamete fusion). It is not known how the sperm cells acquire myosin 
on their external surface to allow movement along these actin tracks. Since 
sperm cells are negatively charged on their surface, it is possible that my-
osin from the disrupted pollen tube or the receptive synergid attaches to 
the sperm cells though electrostatic interactions (Zhang and Russell 1995).  
 
4.3.1 Fertilization 
In maize, the fertilization process sensu strictu, i.e. syngamy, occurs be-
tween 16 and 24 hours after pollination, depending on the genetic back-
ground and environmental conditions. The two fusion events appear to oc-
cur simultaneously or nearly so, but the timing of the first division of the 
two fertilization products differ greatly (Randolph 1936). While the zygote 
does not divide until 10 to 12 hours after syngamy, the primary endosperm 
nucleus divides within 3 to 5 hours after fertilization and proliferates rap-
idly (Kiesselbach 1949). We know very little about the molecular basis of 
gamete fusion in plants and currently only one mutant is known that dis-
rupt this process. The Arabidopsis mutant generative cell specific 1 
(gcs1/hap2) affects the male gametophyte and sperms that are delivered 
into the receptive synergid fail to fuse with their female targets (Mori et al. 
2006; von Besser et al. 2006). Since GCS1 encodes a putative transmem-
brane protein it has been proposed to play a role in sperm-egg adhesion or 
recognition (Mori et al. 2006).  
 
Usually, only one pollen tube enters the micropyle and the two sperm cells 
that participate in double fertilization are genetically identical. However, it 
is possible that the sperm cells originate from different pollen tubes, such 
that the resulting embryo and endosperm can be non-identical if the pollen 
donor was heterozygous. This phenomenon is termed heterofertilization 
and occurs at frequencies of 1% to 10% depending on the genetic back-
ground (Sprague 1932; Coe et al. 1988). That heterofertilization can gen-
erate embryo and endosperm of distinct genotypes can be used to deter-
mine whether a mutant affecting kernel development affects primarily 
embryo or endosperm development. In Arabidopsis, such experiments are 
currently not possible but recent studies using the cdka:1 mutant, which 
produces only a single sperm cell, have shown that the embryo can de-
velop to the globular stage in the presence of only a few diploid endosperm 
nuclei (Nowack et al. 2006). In this mutant, the single sperm cell always 
fertilizes the egg cell and the primary endosperm nucleus starts dividing in 
the absence of fertilization, indicating a signal from the zygote that acti-
vates endosperm formation. This independence of early embryo from en-
dosperm development is also observed in the glauce mutant, where a 
globular embryo develops in the complete absence of endosperm (Ngo et 
al. 2007).  
 
While the single sperm of the cdka:1 mutant in Arabidopsis always fertil-
izes the egg cell (Nowack et al. 2006), it is not clear whether the two 
sperm cells during normal double fertilization fuse randomly with the fe-
male gametes or whether there is a fertilization preference. Such a prefer-
ence could be based on the capacity of only one of the sperm cells to fuse 
with the egg cell. Alternatively, both sperms may be able to participate in 
syngamy with the egg cell, but one would be better poised for competition. 
In fact, sperm cells do show dimorphisms with respect to shape, size, and 
organelle number in several species and in Plumbago zeylandica there is 
clear evidence for non-random fertilization. The plastid-rich sperm fertil-
izes the egg cell in about 95% of the cases, whereas the larger, plastid-poor 
sperm fertilizes the central cell (Russell 1984; Russell 1985). However, P. 
zeylandica is a special case as its megagametophyte does not have any 
synergid cells and the mechanism of fertilization is quite different from the 
one in maize. In maize, non-random fertilization has been inferred from 
segregation analyses using B-chromosomes (see Chapter XX/Carlson). 
Non-disjunction in the mitotic division producing the two sperm cells 
leads to one sperm carrying two B-chromosomes while the other has none 
(Roman 1947). An excess of kernels where the embryo carries the B-
chromosomes indicates non-random fertilization (Roman 1948). However, 
when such distinct sperm cells were used in in vitro fertilization experi-
ments, no difference in fusion behavior with the egg cell could be detected. 
Thus, both sperms appear capable of fertilizing the egg cell under these 
conditions (Faure et al. 2003).  
 
Essentially everything we know about the subsequent steps of the fertiliza-
tion process stems from in vitro fertilization experiments, which have been 
conducted mainly in maize and some other grasses. Such experiments be-
came possible through the isolation of viable gametes and their fusion 
through electrofusion or chemical induction. These procedures, however, 
do also lead to fusion with non-gametic cells (Kranz et al. 1991; Kranz and 
Lörz, 1994). In contrast, if the gametes are brought into close contact by 
micromanipulation in the presence of low concentrations of calcium, gam-
ete specificity is maintained (Faure et al. 1994). Egg and centrals cells fuse 
with the sperm cell within seconds after bringing the gametes into close 
contact with each other (Faure et al. 1994; Kranz et al. 1998). After fusion 
a calcium influx initiates at the fusion site and propagates across the egg 
cell as is typical of animals (Antoine et al. 2000). While the manipulation 
of calcium influx though pharmacological agents affects certain aspects of 
egg activation, an increase in intracellular calcium is not sufficient to trig-
ger the first division of the zygote (Antoine et al. 2001). This is in contrast 
to animal systems, where such a calcium wave is also observed and an in-
crease in the calcium concentration is sufficient to trigger parthenogenetic 
development of the egg (Miyazaki and Ito, 2006). In animals, the fusion of 
multiple sperms with an egg cell is prevented by a block to polyspermy, 
consisting of a fast electrophysiological block and a slow mechanical 
block (Tsaadon et al. 2006). Although the cell biological events occurring 
at fertilization seem very similar in plants and animals, it is not clear 
whether a block to polyspermy exists at the gamete level in plants. It was 
reported that in vitro fertilization products were unable to fuse with further 
sperm cells, indicating a possible slow block to polyspermy, since the ma-
nipulations for a second fusion take a few minutes (Faure et al. 1994). 
Within this time cell wall material is deposited around the zygote, provid-
ing a strong physical barrier to further fusions.  
 
We know relatively little about the events occurring after gamete fusion. 
The male and female pro-nuclei must come into contact to undergo 
karyogamy. Karyogamy is completed about 2 hours after in vitro fusion in 
both the egg and the central cell (Faure et al. 1993; Kranz et al. 1998). Us-
ing sperm cell from transgenic plants carrying GFP under the control of 
the 35S promoter, it was shown that the activation of this viral promoter 
coincided with the decondensation of the paternal chromatin and mRNAs 
could be detected as early as 4 hours after fusion, indicating an early acti-
vation of this paternal locus in in vitro fertilization products.  
 
4.4 Parent-of-Origin Effects 
Kernel development can be affected by parent-of-origin effects that stem 
from events occurring during megagametogenesis. Other chapters will dis-
cuss such effects in detail (Chapter XX/Scanlon, Chapter XX/Springer) but 
given their gametophytic nature, they will be briefly mentioned here. Par-
ent-of-origin effects are manifested through distinct phenotypes in recipro-
cal crosses. Maternal effect mutants only show a phenotype when the mu-
tant allele is inherited from the mother. Because either the sporophytic 
tissues or the megagametophyte can exert such effects, we distinguish be-
tween sporophytic and gametophytic maternal effects (Grossniklaus and 
Schneitz 1998). While it was known for long that endosperm development 
is sensitive to dosage effects (reviewed in Birchler 1993), the large number 
of gametophytic maternal effect mutants uncovered over the last years in 
Arabidopsis and also maize has been unexpected. Because plant cells can 
easily form somatic embryos in culture, it was generally thought that em-
bryogenesis relies neither on a specialized cytoplasm nor on a distinct epi-
genome of the gametes. Because seeds usually contain genetically identi-
cal embryo and endosperm, it is difficult to distinguish between direct 
effects on embryogenesis and indirect effects mediated by the endosperm. 
However, many of the gametophytic maternal effect mutants in Arabidop-
sis show very early effects on embryogenesis (Moore 2002; Pagnussat et 
al. 2005). Given that the Arabidopsis embryo can develop to the globular 
stage in the absence of an endosperm, it is likely that some of these effects 
are direct. Thus, zygotic embryogenesis depends on factors controlled by 
the megagametophyte, but these requirements can be overcome in somatic 
embryogenesis or androgenesis.  
  
The mechanisms underlying gametophytic maternal effects are diverse. 
They could be related to dosage effects of various kinds, including haplo-
insufficiency, altered parental genome balance in the endosperm, or an im-
balance of the megagametophytic to the zygotic genome (Birchler 1993; 
von Wangenheim and Peterson 2004; Grossniklaus 2005; Dilkes and Co-
mai 2004). Alternatively, embryo and/or endosperm development may de-
pend on maternally produced products that are stored in the gametes and 
required after fertilization. Finally, such effects may be due to genomic 
imprinting, which leads to a functional non-equivalence of maternal and 
paternal genomes. In imprinted loci, the activity of an allele depends on its 
parental origin, with maternally and paternally inherited alleles showing 
different activities. The first locus for which regulation by genomic im-
printing was unambiguously shown was the R locus in maize (Kermicle, 
1970), which leads to a fully colored aleurone if inherited maternally but a 
mottled phenotype when inherited paternally (Figure 4). Several imprinted 
loci have been described in maize and Arabidopsis, including some that 
are essential for seed development. Their regulation involves complex epi-
genetic mechanisms based on both DNA methylation and chromatin modi-
fications. A detailed description of imprinted loci and their regulation can 
be found in Chapter XX (Springer).  
 
 
 
 
Fig. 4.4 Parent-of-origin effects. Kernels derived from reciprocal crosses with a 
r-g tester line show different phenotypes dependent on the parent-of-origin of the 
R-r allele. (A) if inherited maternally, the kernel is fully colored; (B) if inherited 
paternally, it shows a mottled phenotype. R-r was shown to be regulated by ge-
nomic imprinting (Kermicle 1970). R-r was exposed to R-st in the previous gen-
eration, enhancing differential expression.   
 
A few years ago, studies in Arabidopsis have revealed that early seed de-
velopment may be largely under maternal control (Vielle-Calzada et al. 
2000). For a large number of reporter genes and some endogenous loci, no 
paternal activity could be detected during the first few division of the zy-
gote (Vielle-Calzada et al. 2000; Luo et al. 2000; Springer et al. 2000; 
Sorensen et al. 2001; Baroux et al. 2001; Golden et al. 2002; Yadegari et 
al. 2000). Although there is a low basal activity of paternal alleles at these 
early stages (Baroux et al. 2001) and some paternally inherited alleles be-
come activated already after the first or second division (Weijers et al. 
2001), there is a clear non-equivalence in maternal and paternal expression 
even in these cases (Baroux et al. 2002; Grossniklaus 2005; Walbot and 
Evans 2003). At present, it is not known whether this predominantly ma-
ternal expression is due to maternally stored products, is related to a gen-
eral but transient imprinting phenomenon, or is a combination of both 
(Vielle-Calzada et al. 2000). In maize, microarray analyses have revealed a 
similar dominance of maternal expression during early seed development 
(Grimanelli et al. 2005). There are, however, also many loci that show bi-
parental expression in the zygote (Meyer and Scholten 2007). Thus, there 
appear to be two distinct classes of early acting genes in maize, but it is not 
known whether their distinct regulation is related to a specific function. 
This difference with respect to the maternal control of early seed develop-
ment between maize and Arabidopsis may be linked to the fact that hetero-
sis effects are seen very early in maize embryogenesis but are not manifest 
in Arabidopsis until after germination (Meyer and Scholten 2007; Wang 
1947; Meyer et al. 2004). 
 
4.5 Molecular and Genetic Analysis of 
Megagametophytes 
 
Several studies show that large portions of the genome are required during 
the gametophytic phase of the life cycle in maize. Patterson and others ex-
ploited more than 850 reciprocal translocation stocks in maize, producing 
~1700 deficiencies, to establish that about 90% resulted in embryo sac le-
thality (Patterson 1978). Two separate strategies are being used to identify 
the genes involved in megagametophyte development and function: (1) 
identification of genes expressed in embryo sac cells and (2) isolation of 
mutants impaired in megagametophyte development or function.  
 
Several technological advances have assisted the identification of genes 
expressed in the embryo sac. One of these is the ability to isolate viable 
gametophyte cells and make cDNA libraries from single embryo sac cell 
types. Several labs have taken advantage of this technique to isolate em-
bryo sac RNA; sequencing and expression analyses of these cDNAs have 
identified several thousand embryo sac transcripts, including ones specific 
to the egg and central cell (Cordts et al. 2001; Le et al. 2005; Sprunck et al. 
2005; Yang et al. 2006) – unknown, hypothetical, and novel proteins are 
encoded by a large portion (30%) of these sequences (Yang et al. 2006). 
Microarray technology allows the analysis of many thousands of genes si-
multaneously. Comparisons of gene expression between Arabidopsis 
ovules with and without embryo sacs using microarrays were used to iden-
tify over 1200 embryo sac-expressed genes (Johnston et al. 2007; Jones-
Rhoades et al. 2007; Kasahara et al. 2005; Yu et al. 2005). However, these 
microarray experiments do not give a complete description of the mega-
gametophyte transcriptome, because genes expressed in both the embryo 
sac and diploid ovule tissue are not distinguished from genes expressed 
only in the diploid tissue. Additionally, genes with low expression levels 
may be missed in a complex tissue sample. The maize embryo sac cell pu-
rification techniques allow for a description of all a cell’s RNAs but are 
limited to more mature embryo sac cells. The use of Laser Capture Micro-
dissection (Kerk et al. 2003; Day et al. 2005) will allow the collection of 
highly purified megagametophyte tissue of any stage for a complete de-
scription of the megagametophyte transcriptome, particularly in combina-
tion with the high throughput sequencing technologies now available. 
 
Mutations in genes required in the megagametophyte result in characteris-
tic fertility phenotypes and modes of transmission in mutant heterozygotes. 
Female gametophyte mutants have reduced fertility and seed set. In a het-
erozygote, half of the embryo sacs inherit the mutant allele, and the seeds 
are not in well-ordered rows, because the wild-type embryo sacs producing 
the seed are randomly distributed. Additionally, when mutant heterozy-
gotes are crossed as females, both the mutant allele and the alleles of loci 
linked to it in cis are found at a lower frequency in progeny than the wild-
type allele, because embryo sacs carrying the mutant chromosomal region 
fail to make seeds. In the special case of gametophytic maternal effect mu-
tants, heterozygotes produce up to 50% defective kernels regardless of pol-
len genotype, while mutant pollen has no effect on seed development. 
These features allow for three different means for identifying megagame-
tophyte mutants: (1) reduced seed set of ears with disrupted rows of ker-
nels; (2) segregation distortion of the visible genetic markers linked to the 
gene; and (3) seed phenotypes that only occur when the mutation is mater-
nally transmitted. 
 
The ability to study mutations in genes required in the gametophyte de-
pends on the ability to produce and maintain heterozygous, diploid sporo-
phytes (i.e. the ability to transmit the mutation). For this to occur the 
gametophyte mutant phenotypes must be either sex-specific or otherwise 
partially transmittable, thus allowing the mutation to pass through the hap-
loid stage to the next generation at some frequency. If the new mutant only 
produces defective gametophytes and particularly defective gametes, a 
heterozygous seed would rarely if ever be produced. Thus, many mutant 
alleles cannot be generated and studied under common genetic practices. 
Because of the requirement to transmit mutations through a haploid gen-
eration, all screens for gametophyte mutants in standard diploids are biased 
against mutants with no or very low transmission through both gameto-
phytes, and thus mutations in gametophyte-essential genes will be missed, 
because they are rapidly culled from standard stocks. This problem can be 
circumvented by using duplications of chromosomal regions so that some 
gametophytes are heterozygous for the wild-type and mutant alleles and 
therefore viable. Maize is an excellent system for this purpose because 
translocations between any of the standard A chromosomes and the super-
numerary B chromosome can be used to create a tertiary trisomic plant 
carrying duplications of whole chromosome arms (Auger and Birchler 
2002).  
 
Some gametophyte genes have been identified in maize, but because of the 
difficulties involved, they are relatively few in number (Table 1). The re-
duced fertility phenotype is useful for screening the whole genome, but is 
not distinct from chromosomal rearrangements and some sporophytic ef-
fects, requiring tests to determine the cause of the reduced fertility (Moore 
et al 1997). Transmission distortion has the advantage of identifying the 
map position of the affected gene, verifying that the reduced fertility is 
caused by reduced transmission of a mutant allele on one chromosome, 
and easing identification of mutant heterozygotes in the next generation.  
 
Table 4.1 Published maize megagametophyte mutants 
Mutant Embryo sac 
morphology 
Male gameto-
phyte defect 
Maternal 
effect 
Sporophyte 
defect 
Reference 
indetermi-
nate game-
tophyte1 
Excess pro-
liferation and 
abnormal fer-
tilization 
N Y Y (Evans 2007; 
Huang and 
Sheridan 1996; 
Kermicle 1971; 
Lin 1978; Lin 
1981) 
lethal 
ovule1 
(lost) 
nd Y N nd (Singleton and 
Mangelsdorf 1940) 
lethal 
ovule2 
Early arrest Y N nd (Nelson and Clary 
1952; Sheridan and 
Huang 1997) 
small pol-
len1 (possi-
ble new al-
lele) 
Early arrest Y N Y (Singleton and 
Mangelsdorf 1940; 
Evans, unpub-
lished) 
maternal ef-
fect lethal1 
Normal Y Y Y (Evans and Kermi-
cle 2001) 
baseless1 Abnormal 
central cell 
morphology 
Y Y Y (Gutierrez-Marcos 
et al. 2006) 
Zmea1 (by 
RNAi) 
Pollen tube 
attraction de-
fect 
nd nd nd (Marton et al. 
2005) 
dappled1 nd Y Y nd (Stinard and 
Robertson 1987) 
dap2-dap7 nd Y Y nd (Gavazzi et al. 
1997) 
 
 
 
Many gametophyte mutants have been identified in Arabidopsis. Research 
for gametophyte mutants in Arabidopsis has taken advantage of the trans-
mission defect phenotype, using segregation distortion of the mutagen it-
self. Mutagenesis with T-DNA or Ds elements carrying an easily scored 
herbicide resistance gene facilitates scoring the ratio of homozygous wild 
type to heterozygous mutant progeny, regardless of whether the insertion 
occurs near a visible marker. This strategy takes advantage of the least 
ambiguous phenotype of the mutants and eases their subsequent cloning. 
However, it does not discriminate between male and female gametophytic 
mutants and, therefore, two-step screens relying on reduced seed set and 
segregation ratio distortion have been used to enrich for mutants affecting 
megagametogenesis (Moore et al. 1997; Page and Grossniklaus 2002). The 
use of insertional mutagens has not yet been exploited in maize because of 
the difficulty of transformation. But, with the easily scored endosperm 
markers available in maize, transposition and inheritance of a single copy 
transposable element it could be done very efficiently. The ease of trans-
forming Arabidopsis has also facilitated the establishment of lines carrying 
GUS or GFP reporters specifically expressed in the embryo sac or individ-
ual cell types of the embryo sac (Gross-Hardt et al. 2007; Huanca-Mamani 
et al. 2005; Punwani et al. 2007; Yang et al. 2005, Ngo et al. 2007; Vielle-
Calzada et al. 1998). With these markers gene expression in the embryo 
sac can be analyzed more rapidly than by in situ hybridization, permitting 
their use in mutant screens (Gross-Hardt et al. 2007). Development of a 
similar suite of maize reporters will be very useful for maize gametophyte 
research. 
 
The array of described mutants combined from maize and Arabidopsis 
contains at least one mutation associated with each of the developmental 
stages depicted in Figure 1. Five broad classes of mutants are those that: 
(1) are affected during the nuclear division phase; (2) are affected during 
maturation of the gametophyte; (3) appear normal but fail to achieve fer-
tilization; (4) have maternal effects on embryo and/or endosperm devel-
opment; and (5) affect pollen tube growth (for those affecting the male 
gametophyte). Mutations have been identified from screens for gameto-
phyte mutants in EMS-treated, irradiated, Ds mobilized, or T-DNA inser-
tion lines in forward genetic screens for gametophyte phenotypes, as well 
as in T-DNA populations using reverse genetics analysis of genes of inter-
est. Table 2 summarizes the effects of published gametophyte mutants in 
maize and Arabidopsis. Certain trends emerge in looking at the collection 
of mutants from multiple projects: many mutants affect both male and fe-
male gametophytes even if the original screen was for female semi-
sterility, and the most common megagametophyte phenotype is disruption 
during the nuclear division phase (primarily arrest). Moreover, a surpris-
ingly high number of mutants show a maternal effect phenotype confirm-
ing the strong maternal influence on early seed development.  
 
Table 4.2 Developmental stage and sex affected by published gametophyte mu-
tants† 
Gender affected Stage affected 
Female Male Both Division 
phase 
Maturation 
phase 
Fertiliza-
tion 
Maternal 
effect 
Pollen 
tube 
growth 
25 36 82 90 31 28 88 50 
The number of mutants in each class is shown. †Phenotype totals do not match 
sex-affected totals because not all mutants were examined for all aspects of trans-
mission or phenotype, and some mutants fit in more than one phenotypic class. 
 
(Acosta-Garcia and Vielle-Calzada 2004; Arthur et al. 2003; Bonhomme et al. 
1998; Brukhin et al. 2005; Capron et al. 2003; Chaudhury et al. 1997; Chen and 
Mc Cormick 1996; Choi et al. 2002; Christensen et al. 1997; Christensen et al. 
1998; Ebel et al. 2004; Evans and Kermicle 2001; Feldmann et al. 1997; Goubet et 
al. 2003; Grini et al. 2002; Grossniklaus et al. 1998; Guitton et al. 2004; Gupta et 
al. 2002; Gutierrez-Marcos et al. 2006; Hejatko et al. 2003; Holt et al. 2002; How-
den et al. 1998; Huanca-Mamani et al. 2005; Huang and Sheridan 1996; Huck et 
al. 2003; Jiang et al. 2005; Kasahara et al. 2005; Kim et al. 2005; Kwee and 
Sundaresan 2003; Lin 1981; Marton et al. 2005; Moore 2002; Moore et al. 1997; 
Mouline et al. 2002; Nelson and Clary 1952; Niewiadomski et al. 2005; Ohad et 
al. 1996; Pagnussat et al. 2005; Park et al. 1998; Park et al. 2004; Pischke et al. 
2002; Procissi et al. 2001; Procissi et al. 2003; Redei 1965; Sari-Gorla et al. 1996; 
Sari-Gorla et al. 1997; Sheridan and Huang 1997; Shi et al. 2005; Shimizu and 
Okada 2000; Singleton and Mangelsdorf 1940; Springer et al. 1995; Xu and 
Dooner 2006) 
 
 
4.6 Future Directions 
Although our understanding of megagametophyte development has in-
creased dramatically over the last few years, particularly with regard to the 
identity of some of the genes required, a great many aspects of megagame-
tophyte biology are still incompletely understood. Our understanding of 
this phase of the maize life cycle is going to increase dramatically in the 
next few years simply by applying the knowledge gained from other sys-
tems and through continued identification and analysis of maize gameto-
phyte mutants, but more is needed for a complete description of the mega-
gametophyte. Combining recent technologies like laser capture 
microdissection and genome-wide expression analysis will provide a com-
plete description of the transcriptome of all stages of megagametophyte 
development, allowing the dynamic modeling of these processes through 
network inference analyses. But additional tools need to be developed in 
order to describe other details, such as the proteome, interactome, methy-
lome and metabolome, and the cellular compartments in which they occur. 
Such studies are greatly impaired by the limited and inaccessible material 
of the embryo sac and require the development of novel approaches. In 
particular, the ability to examine the function of proteins in living embryo 
sacs in a genetic system like maize will be critical for answering many of 
the remaining questions.  
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